Abstract Recruitment of walleye (Sander vitreus Mitchill) is limited in irrigation reservoirs of the Republican River basin in southwestern Nebraska. The causal mechanism for this limited recruitment is unknown, but may be related to a lack of suitable spawning habitat. Patch occupancy models were developed to describe variation in detection probability and habitat selection during spawning season using shoreline electrofishing data. Detection of adult walleye was negatively affected by water temperature, silt substrate, and woody cover. Adult walleye selected sites with cooler water temperatures and greater fetch at Enders Reservoir, and large rock substrate and no cover at Hugh Butler Lake; these characteristics are limited to areas on or near the riprap dams in both reservoirs. Walleye eggs were also only found in these areas. We conclude that patch occupancy modeling provided valuable information when considering habitat improvement projects and propose a management approach for the addition of walleye spawning habitat in irrigation reservoirs.
Introduction
Adult fish select spawning sites to maximize hatching and survival rates of progeny. Substrate type, depth, dissolved oxygen, and temperature are commonly cited as critical spawning habitat characteristics for fish (McMahon et al. 1984; Gipson and Hubert 1993; Gosch et al. 2006) , though characteristics of spawning habitat vary widely among species. Walleye (Sander vitreus Mitchill) spawn in many different habitats: tributaries entering lakes (Pflieger 1997) ; coarse substrate and shallow depths in tributaries of large lakes (Kelder and Farrell 2009; Chalupnicki et al. 2010) ; flooded marshes (Priegel 1970) ; upper riverine portions of reservoirs (Quist et al. 2004) ; small patches of gravel located within larger sandy shores (Johnson 1961) ; gravelly, sandy, or stony shallow shoals within lakes (Scott 1967) ; rocky wave-washed shoreline in lakes with no inlet streams (Becker 1983) ; and riprap on the face of reservoir dams (Grinstead 1971) . Conditions at these habitats likely increase progeny survival rates by maximizing dissolved oxygen and minimizing siltation on eggs during the 10-14 day hatching period (Johnson 1961; McMahon et al. 1984) .
Spawning site selection by adult fish is constrained by the availability of habitats. Large variations of water levels in irrigation reservoirs of the midwestern United States of America cause available habitat to vary within and among years. During periods of low water, recruitment of fishes may be limited due to the lack of suitable spawning habitat and increased predation from crowding. This variation can negatively affect year-class strength of walleye in reservoirs (Groen and Schroeder 1978) .
Traditional habitat selection methods (e.g., logistic regression and multivariate analysis of variance) may misrepresent actual habitat selection by failing to account for the probability of detection given the sampling method (Gu and Swihart 2004) . Habitat variables positively related to this detection probability may be over-emphasized in traditional habitat selection modeling. Detection probability is generally < 1.0 and increases with repeated sampling of the same sites (e.g., the detection probability of small mammals in traps increased from 0.25 to 0.77 when the sampling intensity was increased from 1 to 5 [Gu and Swihart 2004] ). Estimates of habitat use may be biased when not accounting for detection probability (Tyre et al. 2003) . Patch occupancy modeling is a technique for estimating site occupancy that explicitly accounts for detection probability (MacKenzie et al. 2002) . Unfortunately, to our knowledge only two studies to date (Burdick et al. 2008; Hayer and Irwin 2008) have been published in the fishery literature using this method.
The ability to distinguish between habitat variables associated with increased detection of fish and those associated with increased occupancy of target fish is important for habitat selection studies. Most previous habitat improvements (e.g., adding spawning substrate) have been based on traditional habitat selection studies that did not account for detection probability. Therefore, patch occupancy modeling should allow resources for habitat improvement to be better utilized.
Our objective was to examine habitat selection by adult walleye during spawning season using patch occupancy modeling. We used an a priori research hypothesis (based on previous knowledge of these systems and literature) that adult walleye select spawning sites with coarser substrate and large maximum fetch (i.e., water surface area available for wind to act upon before hitting a site). Previous research has indicated that walleye select sites with coarser substrates (Scott 1967; Grinstead 1971) to decrease the risk of siltation on eggs during the 10-14 day hatch period and walleye select sites with greater fetch (Becker 1983 ) to increase water flow (i.e., increase oxygen flow) over eggs. In order to account for variability in catchability of adult walleye, we also included other variables (e.g., temperature, conductivity, cover, etc.) to create models accounting for both detection and occupancy.
Study area
Two irrigation reservoirs with historically variable walleye year-class strength in southwestern Nebraska were chosen as study sites. Long-term standard sampling by the Nebraska Game and Parks Commission documented that natural recruitment of walleye is highly variable in these reservoirs. Therefore, walleye are stocked annually into these reservoirs to sustain viable populations.
Enders Reservoir, located in Chase County, Nebraska, is an irrigation reservoir that was constructed along Frenchmen Creek by the U.S. Bureau of Reclamation in 1951. At conservation-pool (i.e., the highest non-flood, water-storage level), Enders Reservoir is characterized by a water level of 948.5 m above mean sea level, surface area of 485 ha and maximum depth of 18.3 m. The shoreline of Enders Reservoir is mostly composed of silt/sand substrate with small cottonwood (Populus deltoides Bartram) trees lining the shoreline. Areas of large rock substrate are restricted to the downstream portion of the reservoir with the majority being on or near the large, riprap dam (Fig. 1) . A few areas of large rock substrate have been added on the eastern shore during past aquatic rehabilitation projects.
Hugh Butler Lake (Red Willow reservoir), located in Frontier County, Nebraska, is an irrigation reservoir that was constructed along Red Willow Creek by the U.S. Bureau of Reclamation in 1962. At conservation pool, Hugh Butler Lake is characterized by a water level of 786.9 m above mean sea level, surface area of 660 ha, and maximum depth of 15.2 m. Hugh Butler Lake has two inflow sources creating a reservoir with two arms: Spring Creek to the north and Red Willow Creek to the west. The shoreline of Hugh Butler Lake is mostly composed of silt substrate with small cottonwood trees lining the shoreline. Areas of large rock substrate are restricted to the large, riprap dam and small jetties at boat ramps for angler access (Fig. 1) .
Both reservoirs are located within the Republican River basin in southwestern Nebraska and the watersheds are dominated by rolling grasslands and irrigated cropland. The Republican River basin has been the source of much controversy over water allocations between the three states within the basin: Colorado, Nebraska, and Kansas. Thus, water withdrawals for irrigation are quite variable among years and reservoirs within the basin.
Drought conditions have dominated southwestern Nebraska for the past decade and have limited the amount of water available for irrigation withdrawals. Low water levels have allowed small trees to become established along the shoreline of both reservoirs. However, rainfall during the springs of 2007 and 2008 caused an increase in water levels that altered available habitat for spawning fishes from a simple habitat of mostly barren substrate to a more complex habitat of flooded trees. Changes in littoral habitat also altered our efficiency of sampling walleye by flooding trees and preventing access to shallow water habitat preferred by walleye; thus necessitating an approach that accounts for differences in catchability among sites within a reservoir.
Materials and methods

Adult fish
Fifty sampling sites (minimum 60-m apart) were randomly selected without stratification for each reservoir using shoreline layers created from bathymetric maps of each reservoir (Lake Mapping Program of the Nebraska Game and Parks Commission) in ArcMap 9.3. A pulsed-DC boat-mounted electrofisher (Reynolds 1996) was used to sample these 50 sites at each reservoir. Sampling for adult walleye occurred at night during spring when water temperature was 7-10°C. Adult walleye were assumed to be on spawning sites during this time because male walleye typically spend extended periods on spawning grounds during pre-spawn and spawn (Pflieger 1997; Schoenebeck and Hansen 2005) , and acousticallytagged walleye also migrated to the dam at this time (Martin 2008) .
Each site was sampled five times between 25 March and 5 April 2008. A starting point was chosen randomly for each sampling occasion from the list of sites and sampling proceeded in a direction (clockwise or counter-clockwise) around the reservoir that was also chosen randomly. Sampling effort at each individual site consisted of electrofishing for 30 m along the shoreline in depths <1.5 m. During sampling, all walleye were collected and measured for total length (TL; mm), examined by gently squeezing the abdomen to determine gender and reproductive maturity (Schreck and Moyle 1990 ) and released alive. Only adult walleye (fish ≥ 250-mm TL or extruding milt or eggs; Carlander 1945) were included in the model.
Habitat variables
Abiotic variables were measured at each site for further refinement of the occupancy modeling. Sitespecific covariates (cover type, substrate type, fetch) were assumed to remain constant across the spawning season and were thus, only measured once at each site. Cover type (no vegetation, woody shrubs/trees, submerged aquatic vegetation, emergent aquatic vegetation) was visually assessed. Substrate type (silt, sand, gravel, cobble, rock) was either visually assessed in areas of low turbidity or assessed using a substrate sampler made of 102-mm diameter metal pipe. Three values of fetch were calculated using linear measurements for each site in ArcMap 9.3: maximum fetch was calculated as the maximum linear measurement of water for wind to act upon to create waves; northwest fetch was calculated as the maximum linear measurement of water for wind to act upon to create waves from the northwest (the predominant wind direction for this period); and south fetch was calculated as the maximum linear measurement of water to the south of the site (indicative of storm effects on site). Fetch was considered as an additional habitat variable because of its possible influence on dissolved oxygen, dislodgement of eggs during development, and sedimentation and turbidity at spawning sites. Sample-specific covariates (waterquality parameters) were assumed to change between sampling events and were measured 0.5-m below the water's surface at the end of each 30-m sampling transect. Water-quality covariates measured included conductivity (μS/cm), dissolved oxygen (mg/L), pH, temperature (°C) and turbidity (NTU).
Walleye eggs
Sampling for walleye eggs occurred at a randomlyselected 25 of the 50 electrofishing sites in each reservoir to determine presence/absence of spawning. Only 25 of the 50 sites sampled for adults were sampled for eggs due to logistical constraints of deploying and checking egg mats. Egg mats were constructed of tractor disc blades (mean diameter= 43 cm, range 32-57 cm) with metal washers welded upright in the center of each disc and covered with outdoor carpeting. Eggs were collected 7-10 days later by rinsing egg mats with water from a boatmounted pump and gently running hands over the carpet to dislodge any attached eggs.
Model selection
Patch occupancy analyses were conducted for each reservoir, separately, using the program PRESENCE (Hines 2006) . Reservoirs were analyzed separately because habitat available for spawning walleye was reservoir specific. Patch occupancy analyses are designed to be used when sites are repeatedly sampled within a short period, such that populations are considered closed (i.e., a site with evidence of occupation is considered occupied throughout the sampling period, and sites cannot become unoccupied once inhabited). Our abundance data was collapsed into presence/absence information, such that only a single individual was needed to declare a site occupied during a single sample. The repeated samples resulted in a detection history for each individual site. For example, if a site is sampled four times and a fish is detected at the first and third sampling attempt, the detection history for that site would be 1010. Detection and occupancy probabilities can be simultaneously estimated from such histories (MacKenzie et al. 2002) ; the history 1010 provides information that the site is occupied, but the species was not detected during the second and fourth sampling attempt. Thus, the probability of occupancy at this site can then be calculated as
where ψ i is the site specific occupancy probability, P j is the probability of detecting the species in the j th survey given it is present at the site (MacKenzie et al. 2002) . Occupancy analyses use a logit link to incorporate covariates such as habitat and environmental characteristics that may affect detection or occupancy probabilities. Therefore, both detection and occupancy probability can be held constant or vary with specified covariates.
Occupancy analyses assume, in addition to population closure: 1) species are never falsely detected at a site, and 2) detection of species is independent among sites (MacKenzie et al. 2002) . Of these assumptions, the closure assumption is the most difficult to meet; it is typically met by making repeated visits to fixed sites within a brief period. The increased effort required to sample each site repeatedly for patch occupancy modeling is often offset by reducing the number of sites at each reservoir (MacKenzie and Royle 2005) .
We first developed a list of hypothesized variables that could affect probability of detection for electrofishing: cover type, substrate type, conductivity, turbidity and temperature. These covariates were included because they may alter electrofishing efficiency due to a loss of power in vegetation and silt substrate, change in power transfer at different conductivities, difficulty in visually detecting fish in high turbidity or change in fish reaction to electrofishing at different water temperatures (Zalewski and Cowx 1990; Reynolds 1996) . We created single-variable models to describe each variable, and all covariate models were compared against the null model, in which detection probability was held constant (P . , ψ . ; no effect of covariates), and a survey-specific (P t , ψ . ; detection varies only by sampling date) model. In each of these models, occupancy was not allowed to vary so that we could first assess the relative effects on detection probability.
All detection probability models (N=7 per reservoir) were compared using Akaike's Information Criterion, adjusted for small sample size (AIC c ; Burnham and Anderson 2002) , and tested for overdispersion using the global (over-parameterized) model. Detection probability models with a relative AIC c value (i.e., difference between that model's AIC c value and the AIC c value of the best model; ΔAIC c ) less than 2.0 were considered to have substantial support. The set of top detection probability models was then used to test occupancy probability.
We developed a second set of hypotheses to explain variation in site occupancy of adult walleye during the spawning period: temperature, dissolved oxygen, pH, turbidity, fetch, cover type and substrate type. We constructed models that described these hypotheses, and compared the set of models using the relative AIC c score. The combinations of occupancy hypotheses and topranked detection covariates resulted in 31 competing models for Enders Reservoir. These models included detection probability varying as a function of temperature, cover type and substrate type (i.e., the three detection probability models with ΔAIC c <2) and occupancy parameters. The combinations of occupancy and top detection covariates resulted in 11 competing models for Hugh Butler Lake. These models included detection probability varying as a function of substrate type and occupancy parameters.
We selected a single model as the best model to describe variation in P and ψ, when the top model was > 2 AICc from all other models. However, we acknowledged uncertainty in model selection when more than one model described variation in P and ψ equally well (ΔAIC c <2). In the latter case, we selected all models with ΔAIC c <2 as the final suite of models, and we used model averaging to estimate ψ. A model-averaged estimator can reduce bias and uncertainty in model predictions (Burnham and Anderson 2002) . The model-specific estimates of ψ were averaged across the suite of best models (ΔAIC c <2) for each reservoir to obtain an averaged occupancy prediction for each sample sitê
whereŷ i is the model-averaged estimate of ψ for sample site i,ŷ i; j is the site-specific occupancy estimate for each model (j), and ω j is the AICc weight for the j th model (Burnham and Anderson 2002) .
Results
Most shoreline habitat in Enders Reservoir and Hugh
Butler Lake was characterized by silt substrate with small, woody trees (Fig. 1) . Sites with rock substrate were found in the lower portion of Enders Reservoir and only on and near the riprap dam in Hugh Butler Lake (Fig. 1 ). Temperatures were coolest and fetch was generally greater in the downstream portions of each reservoir, whereas dissolved oxygen, conductivity, pH and turbidity were similar throughout each reservoir.
Adult walleye were captured at 42% of sampled sites in Enders Reservoir and 16% of sampled sites in Hugh Butler Lake. Walleye catches were clustered in the lower section of each reservoir. However, some walleye were captured at sites in the middle and upper sections of each reservoir.
The set of best models quantifying detection probability of adult walleye included models in which detection probability varied as a function of temperature, cover type and substrate type in Enders Reservoir, and only as a function of substrate type in Hugh Butler Lake. Detection probability was inversely related to temperature (β ± SE; -1.65± 0.38) and positively related to the absence of cover (2.64±1.23) in Enders Reservoir. Detection probability was inversely related to the presence of silt in both reservoirs (−3.32±0.74 in Enders; -4.33±1.3 in Hugh Butler). Detection probability (p) of adult walleye from the best model ranged between 0.001 and 0.82 among sample sites in Enders Reservoir and between 0.03 and 0.18 among sample sites in Hugh Butler Lake.
The set of best occupancy models (ΔAICc<2.0) in Enders Reservoir included models in which detection probability varied as a function of cover type and occupancy probability varied as a function of temperature and two measures of fetch: northwest and maximum (Table 1) . Occupancy probability was inversely related to temperature (−1.00±0.38) and positively related to both northwest (0.0018±0.0008) and maximum fetch (0.0028±0.0013; Fig. 2 ). Occupancy probability of adult walleye ranged between 0.01 and 0.77 among sampling sites for the best model in Enders Reservoir. Averaged occupancy probabilities in Enders Reservoir were greatest near the riprap dam (Fig. 3) .
The set of best occupancy models (ΔAICc<2.0) in Hugh Butler Lake included adult walleye occupancy probability varying as a function of the presence of woody cover and substrate type (Table 2) . Cover type was reduced to the presence or absence of woody vegetation due to convergence issues with the full cover model. Occupancy probability was positively related to the presence of large substrate (26.19± 395.13) and negatively related to the presence of woody cover (−35.96±102.86) . Occupancy probability of adult walleye ranged between 0.12 and 1.0 among sampling sites for the best model in Hugh Butler Lake. Averaged occupancy probabilities in Hugh Butler Lake were low at all sites, with the exception of the four sites with rock substrate in the lower reservoir (Fig. 3) .
Walleye eggs were captured at one site at Enders Reservoir and two sites at Hugh Butler Lake. Eggs were collected only on the riprap dam at Enders Reservoir. Eggs were collected on the riprap dam and on an area of large natural rock substrate adjacent to the dam at Hugh Butler Lake. These sites also had the greatest averaged occupancy probabilities in both reservoirs.
Discussion
Patch occupancy modeling facilitated quantification of habitat selection by adult walleye in irrigation reservoirs of southwestern Nebraska, while explicitly accounting for variation in detection probability. Detection probability was significantly affected by habitat covariates for adult walleye. The discrepancies between the detection probability models for the two reservoirs are likely caused by the lack of substrate variability in Hugh Butler Lake; silt substrate dominated the reservoir likely masking all other covariates. Electrofishing efficiency for adult fish is generally thought to have a high and constant detection probability, especially when applied power is standardized (Burkhardt and Gutreuter 1995) for water conductivity; however our results indicate that electrofishing efficiency varies with sampling covariates such as temperature, substrate type, and cover type. These covariates may alter electrofishing efficiency due to a loss of power in vegetation and silt substrate or change in fish reaction to electrofishing at different water temperatures (Zalewski and Cowx 1990; Reynolds 1996) . With traditional habitat selection methods, managers run the risk of spending money to improve habitat in which detection probability is greatest and not in habitat that is essential to the organism in question. Walleye in Enders Reservoir selected sites during spawning season that were cooler and had greater fetch (maximum and northwest) than other available sites within the reservoir. The model results lend support to the fetch portion of our a priori hypothesis (i.e., that walleye will select spawning sites that have large substrate and large maximum fetch). For most The number of times walleye occurred at each site is used as a surrogate to occupancy probability (i.e., the more times walleye occurred at an individual site, the greater the probability of occupancy). No error bars shown for site (n=1) walleye occupied four times sites at Enders Reservoir, the maximum fetch was in the northwest direction, indicating correlation between these two variables. The inverse relationship with walleye presence and temperature seems counterintuitive at first glance. Selecting for spawning sites that would increase incubation time of eggs should lead to greater egg predation and increased chances of desiccation by water-level drawdown in these reservoirs, an evolutionarily negative consequence. However, decreased incubation time (i.e., warmer water temperature) may lead to shorter length at hatch and greater rates of abnormalities (van Eenennaam et al. 2005 ).
Walleye in Hugh Butler Lake selected sites during spawning season that were free of woody cover (i.e., had no cover present) and had large substrate. These sites were limited to the area near or on the dam at Hugh Butler Lake. These results lend support to the substrate portion of our hypothesis. Although fetch was specified in our hypothesis, it was not present in the best set of models for Hugh Butler Lake likely because of two outlier sites in the northern arm of Hugh Butler Lake that contained walleye and had small fetch values.
Catches of walleye eggs during spawn provide further support for walleye selecting sites on or near the riprap dams for spawning. All walleye eggs captured were located at sites with coarser substrates (natural rock or riprap) on or near the dams. Results from a concurrent study on walleye spawning in Nebraska indicate that walleye will spawn on added spawning substrate (i.e., cobble) near the dam (Katt et al. 2011) . However, the relative importance of adding this cobble near the dam is confounded by other characteristics of the lower portion of the reservoir such as greater fetch, lack of cover and cooler water temperatures. A previous habitat improvement project at Enders Reservoir added large rock perpendicular to the shoreline in areas on the western shore and walleye occupancy probabilities were greater at these sites than at nearby sites (Fig. 3) indicating greater use of these areas than surrounding habitat during walleye spawn.
Our use of patch occupancy analysis added to the knowledge of walleye habitat selection because of the unique study area in which it was used. We identified large rock substrate, lack of woody cover, cooler temperatures, and large fetch as being important for adult walleye spawning site selection. Previous studies have found large rock substrate to be important in reservoirs (Grinstead 1971) , tributaries (Kelder and Farrell 2009; Chalupnicki et al. 2010) , and natural lakes (Scott 1967; Becker 1983) . Large fetch was also important in natural lakes (Becker 1983) . However, few walleye were found in areas of flooded vegetation in our study contradictory to the results of Priegel (1970) . Our results are also counterintuitive with regard to temperature of spawning sites. Optimal spawning site temperatures of 11-17°C (McMahon et al. 1984) are significantly warmer than the sites where walleye were spawning in both Enders and Hugh Butler Reservoir. Some of these differences may be attributed to the lack of inflow into these two reservoirs during walleye spawn. If walleye were allowed to run upstream during wet years to spawn in areas of flooded marsh with warmer temperatures, results of this study may be different. Our results support previous findings that, when available, walleye spawn on large rock (e.g., riprap). Within irrigation reservoirs such as Enders and Hugh Butler, large rock is generally available only at the dam, which results in concentration, perhaps even over-crowding of spawning walleye at the dam. Yearclass strength of walleye is quite variable, with missing year-classes common, in irrigation reservoirs of the Republican River basin in southwestern Nebraska. It is likely that concentration of spawning walleye into a small portion of these reservoirs leads to unfavorable conditions (e.g., increased intraspecific competition and attraction of predators) for egg and larval survival. The addition of riprap in upper portions of irrigation reservoirs would likely disperse spawning walleye, potentially increasing recruitment of walleye and perhaps minimizing variability of year-class strength within reservoirs. In this case, we suggest adopting an adaptive management approach (Halbert 1993) combining research (i.e., further hypotheses of habitat selection) and management goals (i.e., improved habitat and year-class strength of walleye). To test the hypothesis of increased competition and predation due to spawning in a restricted area, we suggest that new riprap be oriented perpendicular to depth contours in a manner that provides submerged riprap at multiple water levels because inter-annual fluctuations in water level are common in irrigation reservoirs.
Fishery managers often take for granted the effectiveness of their sampling gear, both across different habitats and different species. When designing future habitat selection studies, we suggest using patch occupancy modeling to assess both detection probability and occupancy probability simultaneously. This method is widely used in wildlife habitat selection studies and has been slow to catch on in fishery studies. However, the mobility of the species of interest should be considered when designing these studies, as the closure assumption is the most difficult to meet. Highly mobile species are likely to violate this assumption by moving outside of specific sites during the sampling period. Targeting specific species, or species during a particularly immobile season, may be the most appropriate use of this analysis technique in fishery science.
